We report direct printing and photo-thermal reduction of graphite oxide (GO) to obtain a highly porous pattern of interdigitated electrodes, leading to a supercapacitor on a flexible substrate. Key parameters optimized include the amount of GO delivered, the suitable photo-thermal energy level for effective flash reduction, and the substrate properties for appropriate adhesion after reduction. Tests with supercapacitors based on the printed-reduced GO showed performance comparable with commercial supercapacitors: the energy densities were 1.06 and 0.87 mWh/cm 3 in ionic and organic electrolytes, respectively. The versatility in the architecture and choice of substrate makes this material promising for smart power applications. V C 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/ 1.4890840] Supercapacitors are becoming increasingly popular because of their potential as alternatives to current batteries. 1 One of the key hallmarks of the supercapacitor is a power density or rapid charging/discharging capability that is several orders of magnitude higher than that of conventional batteries. 2 Rather than relying on a chemical redox reaction, the supercapacitor directly drives electrical charges in and out of electrical double layers, resulting in an extended number of charge/discharge cycles (>1 00 000) far beyond the capability of current batteries. 3 Nevertheless, the energy density of supercapacitors falls short of that of batteries by a few orders of magnitude. 4 Thus, there is now intensive research effort in developing supercapacitors with reasonable energy density by maximizing the porosity of the electrode materials. 5 Another area of research for supercapacitors is their use in advanced electronics applications that require handling of power signals on flexible platforms. For example, energy harvesting for sensors and electronics on flexible substrates involves the use of large-capacity charge storage directly integrated with, and controlled by electronics in a smart manner. 6 Previous approaches in this field relied on the use of discrete power components that not only increase the size and complexity of the whole system but also bring challenges in seamless integration of charge storage with electronics. Therefore, it is important to realize the supercapacitor on a flexible substrate in a compatible manner. 7 Recently, interdigitated electrodes configuration via patterning has been introduced as an alternative to the conventional stacking approach because of benefits such as flexible fabrication, scalability, and process compatibility. Due primarily to its hydrophilic property, graphite oxide (GO) can be completely dispersed in deionized water and used as an "ink" for patterning. Then the printed pattern, after drying, can be reduced to highly porous reduced GO (rGO). The patterning and reduction of GO by photo-thermal exposure with a mask has been demonstrated for the potential use in supercapacitors. 8 Onion-like carbon particles have been electrophoretically deposited on a pattern of interdigitated gold electrodes for supercapacitor applications. 9 This approach required an additional step with precisely controlled deposition conditions. Recently, a supercapacitor has been developed based on the direct patterning and reduction of a GO film by a commercial DVD laser system after drop casting. 10, 11 However, direct printing of nanoporous material has only been demonstrated with carbon nanotubes. 12 Here, we report an approach to use GO printing to achieve an interdigitated pattern for a flexible planar supercapacitor, including substrate material selection, multiple dispensing for high resolution GO electrodes, and optimization of photo-thermal energy. The most straightforward approach is inkjet-like printing of GO and subsequent reduction to obtain the patterned supercapacitor configuration. Yet limited by the difficulties in delivering sufficient porous material and maintaining resolution, such printing method is rarely tried. Inkjet printing, for example, can only deliver a very small droplet that contains porous material far below the needed amount to construct enough surface area for charge storage. We used direct printing of GO into a specific pattern with a liquid dispenser, which was originally designed as a DNA array, and subsequent reduction of the GO to make the pattern highly porous. This method allows for freedom in the choice and the amount of material that can be delivered. For instance, the amount of GO deposited on the surface can be determined by controlling the droplet volume in the liquid dispenser. Multiple dispensing is needed because the stacking of GO deposited during the printing is critical for high-resolution patterning. The GO pattern after drying is reduced to rGO using an optimized level of photothermal energy with a commercial camera flash device. There are a variety of GO reduction methods: thermal reduction at high temperature, chemical reduction using a reducing agent like hydrazine, 13 and photo-thermal reduction. Being able to trigger deoxygenating reaction of GO by local heating, the photo-thermal reduction is desirable when the heating of the whole substrate, e.g., thin plastic film, needs to be avoided.
14 Photo-thermal reduction can result from various intensive light sources, such as UV light, 15 excimer laser, 16 and camera flash. We used a xenon flash, an easily accessible camera accessory that can rapidly produce the photo-thermal effect for in-depth reduction. Testing with the supercapacitor fabricated through the above process showed comparable energy density without using additional components such as current collectors, separator, and chemical binders. This approach provides a solution to obtaining printable charge storage devices that can be used in the area of smart devices with energy harvesting and storage components integrated on a flexible substrate. 17 Substrate material selection is a vital process leading to effective GO reduction and good adhesion of rGO. Several candidates, such as transparent glass, transparent polyethylene terephthalate (PET) film, copy paper, polydimethylsiloxane (PDMS), and CYTOP (CTL-809 A, Asahi Glass, Japan), were chosen as shown in Fig. 1 . The reduced spots show a clear change of color from brown to black. Some spots remained unchanged in color when the local light energy delivered was below the threshold to cause reduction. On all of the substrates except transparent glass, almost every GO spot was photo-thermally reduced via flash irradiation.
The contact angle of the GO droplet on the material surface is an essential feature that has an effect on the adhesion of rGO on the substrate after photo-thermal reduction. A GO droplet forms a wide range of contact angles on different surfaces depending on the characteristic hydrophobicity of the material. We observed that GO deposited on a substrate with a larger contact angle was more easily reduced compared to those with smaller contact angles. While the total amount of GO in a droplet was the same, a higher contact angle resulted in a smaller area of deposition where more GO was focused after drying. For example, the droplet area on the glass substrate was about four times larger than that on the CYTOP substrate. GO reduction hardly took place on the glass slide where the GO droplet spread to the largest extent, resulting in a thin, transparent layer of GO after drying. On the other hand, GO droplet with a high contact angle led to the loss of some spots after reduction. GO goes through a volume expansion during the reduction into the rGO. The rGO spot was under stress against substrate due to such volume expansion, and prone to delamination when the interfacial energy was high, as reflected in the high contact angle. Many spots with GO droplets that formed a high contact angle, e.g., 110
on the CYTOP substrate delaminated and detached from the surface after flash reduction. However, we obtained stable and effective reduction without delamination when the contact angle was around 80
, as shown for the PET film.
Multiple dispensing is critical to obtain an adequate pattern. The minimum dispensing volume from our dispenser (sciFLEXARRAYER DW, Scienion, Germany) was 300 pL, and multiple droplets of such volume were dispensed on the PET surface. Pattern was maintained when the drying period was provided between each dispensing cycle. Time for drying a single spot after dispensing takes a few seconds because of quick evaporation of small volume liquid. Obviously, the interval for serial dispensing takes much longer than such drying time, which ensured that the dispensing occurred on a dry surface every time. This result is in contrast with dispensing the whole volume at once. Two cases compares, i.e., multiple dispensing of 10 times and single dispensing with the same target volume in Figs. 2(a) and  2(b) . While the line pattern with multiple dispensing shows that the spacing of 80 lm can be readily achieved, whereas the line pattern failed with the single dispensing of the whole volume. The merging of large droplets resulted in disconnection and loss of the space between lines.
Photo-thermal energy optimization is crucial to maintain the structure of the printed electrode. At low photo-thermal energy (0.79 J/cm 2 ), GO was not reduced as shown in Fig.  2(c) . As photo-thermal energy increased gradually, GO could be easily reduced (Fig. 2(d) ). However, at high photothermal energy (6.36 J/cm 2 ), the GO surface was torn apart and broken into pieces which would result in disconnection of the electrode as shown in Fig. 2(e) . Therefore, it is necessary to determine the threshold energy that triggers GO reduction without inducing any damages in the reduced domain.
Photo-thermal reduction (1.50 J/cm 2 , Style RX 1200, Elinchrom, Switzerland) produced rGO with less oxygencontaining functional groups than GO, which was verified through Raman spectroscopy and X-ray photoelectron spectroscopy (XPS) measurements. Sharpness of the D peak (1350 cm
À1
) and G peak (1580 cm À1 ) in Raman spectrum increased and the remarkable increase of 2D peak (2690 cm
) was observed, indicating better graphitization of rGO than GO (Fig. 3(a) ). Increase of the intensity of the D peak is commonly observed after photo-thermal reduction. This explains that oxygen-containing functional groups in GO were removed, resulting in the restoration of sp 2 hybridized C-C bonds. The total amount of oxygen was detected by XPS measurements in Figs. 3(b) and 3(c) . C-O (286.5 eV, hydroxyl and epoxy) and C ¼ O (287.8 eV) bonding for GO were 19.8 at. % and 4.16 at. %, while for rGO they both significantly decreased to 6.09 at. % and 3.86 at. %. The intensity of sp 2 carbon also increased two times. This indicates that oxygen-containing functional groups in GO were comparably removed after the reduction process. 18 The patterning process of interdigitated rGO electrodes and the packing of the supercapacitor on a flexible substrate are illustrated in Fig. 4 . A liquid dispenser was programmed to eject GO droplets at every designated spot on a substrate to produce an interdigitated pattern. The thickness of the GO pattern could be precisely controlled by direct printing because the structure of the GO pattern was stacked up by multiple dispensing. A pair of 4-interdigitated patterns was produced by direct printing of GO on a thin PET film with dimensions of 1.750 mm Â 1.890 mm including the spacing between interdigitated fingers. After applying an electrolyte, the top layer of PET film was placed and then sealed with Kaptone V R tape. Three types of electrolytes were used to test the performance of the printed-reduced GO (PRGO)-based supercapacitor: 1-ethyl-3-methylimidazolium tetrafluoroborate (EMIMBF 4 , Sigma Aldrich), tetraethylammonium tetrafluoroborate (TEABF 4 , Alfa Aesar) in acetonitrile (CH 3 CN, Dae Jung, Korea), and sulfuric acid (H 2 SO 4 ). Ionic liquid electrolyte, EMIMBF 4 was used without any other treatments; while 1.0 M organic electrolyte was prepared by dissolving TEABF 4 in acetonitrile. Concentrated H 2 SO 4 was diluted to 1.0 M of concentration in deionized water to be used as aqueous electrolyte. As previously reported, 10 the PRGO-based supercapacitor with the ionic liquid electrolyte showed the best performance in terms of energy and power densities among the three electrolytes. The energy density with the ionic liquid and the organic electrolyte was approximately 10 times higher than that with the aqueous electrolyte because the ionic liquid electrolyte (3.5 V) and the organic electrolyte (2.75 V) have a relatively larger potential window than the aqueous electrolyte (1 V).
The results of cyclic voltammetry (CV) and galvanostatic charging/discharging (CC) tests for the PRGO-based supercapacitor with organic electrolyte are shown in Figs.   FIG. 3. (a) Raman spectroscopy of GO and rGO. The I D /I G intensity areas of GO and rGO were 1.63 and 1.28, respectively. XPS spectrum of (b) GO and (c) rGO.
5(a) and 5(b)
. An electrochemical workstation (IVIUMSAT, Ivium technologies BV Co., The Netherlands) was used for the test. The current was measured at each potential applied through the symmetric electrodes in the CV test and the potential was measured with time in the CC test. Based on the CC test results, we calculated the specific capacitance, energy density, and power density of the PRGO-based supercapacitor. The total charge stored in one cycle was calculated using
where I, t, E, and V are the electric current, discharging time, potential, and volume, respectively. Specific capacitance in a specific area was calculated by dividing the total volume with the size of a potential window:
The energy density (E d ) is the energy density per unit volume and is given by
The power density (P d ) was obtained by dividing the energy density by the discharging time of the device
The maximum achievable values of specific capacitance, energy density, and power density for the three different electrolytes by volume and mass at given conditions are shown in Table I . More detailed performance specifications compared to other approaches appear on the Ragone plot in Fig. 5(c) . 10 In addition to the high performance and benefits discussed above, our supercapacitor can be realized on various substrates. Therefore, PRGO could be coated on many substrates such as thin films and device surfaces. In the case of the supercapacitor on a flexible substrate, it showed sustained operation even though the substrate was highly deformed. Fig. 5(d) shows the CV characteristics when the PRGO-based supercapacitor was made to bend at different angles. It shows that the operation property hardly varied at extreme bending, as illustrated by the CV graph and corresponding photo in Fig. 5(d) .
We have demonstrated an innovative approach to fabricate an interdigitated supercapacitor through patterning and photo-thermal reduction of GO. Direct printing technology was utilized to perform the patterning of GO which enables the realization of the supercapacitor on various substrates. The amount of GO, substrate properties, dispensing procedures, and photo-thermal energy threshold were optimized to obtaining desirable printed electrodes. Despite the absence of current collector, separator, or chemical binders, the PRGO-based supercapacitor outperformed commercial supercapacitors and electrolytic capacitors in terms of energy density. Furthermore, the fact that our supercapacitor did not suffer degradation in performance even under extreme bending is promising for its application in flexible energy storage devices, in addition to various smart power applications. 
